This paper is considering the application of a novel pump controlled cylinder drive, the so-called Speedvariable Switched Differential Pump (SvSDP), for knuckle boom crane actuation. Especially the control system for the SvSDP drive is considered, and aiming on improving energy efficiency a refinement of the existing control structure is proposed. An energy efficient sizing algorithm for the SvSDP drive is developed, and fundamental differences between the achievable operating range for the SvSDP drive compared to a conventional valve-cylinder drive are discussed. A case study is conducted with knuckle boom crane actuation, and compared to a conventional valve actuation. Simulation results show that the motion tracking performance is on a similar level compared to the valve actuation approach, while the energy consumption is drastically decreased. For the given test trajectory the valve actuation system consumes 0.79 kWh of electrical energy, while the SvSDP drive consume 0.06 kWh, if ideal energy recovery and storage is assumed.
Introduction
The usage of hydraulics for low-speed high-force linear actuation is a well established standard in many industries. Hydraulic actuation are traditionally selected due to the high power and force density they can offer. Conventionally, hydraulic cylinders are controlled using proportional valves, which achieve the desired motion control performance by throttling the flows in and out of the cylinder chambers, which in turn is a major source of losses in hydraulic systems. To reduce the throttling losses, a load sensing pump may be installed. This is often the case in knuckle boom crane actuation systems, but a drawback of this strategy is that the supply pressure is determined by the demand of the consumer requiring the largest pressure. This may lead to situations where a fast moving unloaded cylinder, requires a large flow, while another small flow-high pressure consumer determines the supply pressure, leading to large throttling losses for the fast moving cylinder. With increasing demands for energy efficieny in most industries, research communities as well as industry are trying to identify other methods for improving the overall efficiency of linear actuation in machinery, such as replacing hydraulic cylinders with self-contained electromechanical cylinders Hagen et al. (2017) . Other researchers are looking into socalled digital hydraulics. Examples of this approach include multi-chamber and/or multi-pressure cylinders Hedegaard Hansen et al. (2018) , Linjama et al. (2009) and Huova et al. (2017) , hydraulic buck converters Kogler and Scheidl (2016) , hydraulic power management concepts Vukovic et al. (2016) , Linjama and Huhtala (2010) etc. Most of these technologies are still in the development phase, with the predominant challenges being low reliability under high load operating conditions for self-contained electromechanical cylinders Hagen et al. (2017) on/off valves for hydraulic buck converters Kogler and Scheidl (2016) . Another approach for reducing throttling losses is direct hydraulic cylinder drives/pump controlled cylinders. The main idea is here to control the flow to the cylinder chamber directly by the pump without any valves in the main transmission lines. A fundamental challenge for this concept is that an asymmetric hydraulic cylinder requires different chamber volume flows. One way of compensating the unequal flow rates is by throttling only the differential volume flow using pilot operated check valves Rahmfeld (2002) or via an inverse shuttle valve Ç aliskan et al. (2016) and Michel and Weber (2012) . Another approach is to use an asymmetric pump unit Quan et al. (2014) , which effectively also can be obtained by using two fixed displacement pumps such as investigated in Pedersen et al. (2014) and Järf et al. (2016) . Here the two pumps are connected to a common shaft, but rotate in opposite directions. Furthermore, they are sized to match the area ratio of the cylinder. The drive concept presented in Pedersen et al. (2014) demonstrated good hydraulic efficiency, but it was found that the effective pump displacement-and the cylinder area ratios, cannot be matched in the entire operating range due to pump leakage, resulting in irregular performance. These issues led to the development of the Speed-variable Switched Differential Pump (SvSDP) drive, which was introduced and investigated in Schmidt et al. (2015) . The concept adds a third pump, only delivering flow in certain situations. In Schmidt et al. (2017) the control structure of this concept was further developed with the aim to decouple The SvSDP drive topology is depicted in Fig. 1 . At positive shaft speeds, pumps A and C provide flow to chamber A of the cylinder, while pump B withdraws fluid from cylinder chamber B. At negative shaft speeds pump C idles, effectively providing no flow to the cylinder A chamber. Hence a surplus flow into the cylinder is present in both directions of operation, and a pressure increase will appear for shaft speeds where pump flow exceeds internal leakage Schmidt et al. (2015) . In order to maintain chamber pressures at reasonable levels this flow mismatch may be bled off via the 2/2 proportional valves. Hence the system has three inputs ω m,ref , u vA and u vB . As it is not possible to control the motion of the cylinder and both chamber pressures independently, only two sensible outputs may be defined, leaving the system over-actuated. In the current investigation, the SvSDP concept from Schmidt et al. (2017) will be investigated for actuation of a knuckle boom crane similar to the one seen in Fig. 2 . A model based approach to the sizing of the SvSDP drives is presented, and a control strategy targeting at a high energy efficiency is established. The resulting performance is compared to that of a conventional valve operation approach and simulation results demonstrate similar motion performance, while the SvSDP drive approach shows a highly improved energy efficiency compared to the valve actuation system.
Mechanical Knuckle Boom Crane Model
A knuckle boom crane may be illustrated as depicted in Fig. 3 . Due to the often large cylinders, the masses of cylinder tubes and rods may be significant compared to the crane booms and payload, and may therefore be taken into account. Hence the mechanical system may be depicted as having seven centers of mass (CMs), all moving relative to each other. As illustrated, the cylinder tube and piston CMs are equivalated into a combined CM for each cylinder, resulting in five CMs to be included in the model. Defining the joint angles ϕ 1 , ϕ 2 and ϕ 3 (generalised coordinates), the CMs may be described by:
Here, matrices and vectors are given by:
The total kinetic energy K may be expressed as:
The total potential energy P may be expressed as:
Hence, the Lagrangian L = K−P may by formed, from which the joint torques may be established as: 
T may be expressed as:
T the dynamic model may be described in cylinder space as:
Here, F is the linear mechanical output force given by:
3 SvSDP Cylinder Drive
The two structurally identical SvSDP drives needed for knuckle boom crane actuation are subscripted with i = 1, 2 (SvSDP 1 and SvSDP 2 ).
Nonlinear Model
Considering Fig. 1 , the SvSDP drive is described by Eq. (12)- (20), assuming ideal check valves, no cylinder cross port leakage, nonlinear friction phenomena absent, and defining 
Linear Model
The inverse flow characteristics of the 2/2 proportional valves are used to compensate the input (u vAi and u vBi ), meaning that ideally 
is the state vector at the linearisation point.
The combined linear model Eq. (22) may be expressed by the transfer function matrix Eq. (24)
The transfer functions for the plant and actuator dynamics may respectively be obtained as: Schmidt et al. (2017) the significance of the dynamic couplings was studied using a relative gain array (RGA)-analysis. For the considered input-output combinations it was found that severe dynamic couplings are present, especially close to the system eigenfrequency. Due to these couplings a decentralised control strategy may not be utilised directly on the system.
Control Strategy
In Schmidt et al. (2017) a drive control strategy has been developed to handle the dynamic couplings, with the overall structure depicted in Fig. 4 . The fundamental idea is to transform the input-and output variables usingỹ = W 2 y p ,ũ = W 
Substituting Eq. (27) into Eq. (28), gives the transformed system as:
Note that the index i is omitted in this section, as the developed control strategy is identical for both cylinder drives.
Output Transformation
As mentioned, it is only sensible to control two of the non-transformed outputs. As three inputs are available the system is said to be over-actuated. In Schmidt et al. (2017) it is found desirable to formulate an output transformation (W 2 ) such that more appropriate states than the actual chamber pressures may be considered. These appropriate states are selected to be the piston position, the virtual load pressure P L , and the level pressure P δ . The level pressure can be considered a weighted sum of the chamber pressures:
Using P L , P δ then P A , P B may be written as:
The nonlinear dynamics of the load and level pressure are described in Eq. (32) and Eq. (33).
In Eq. (33) δ is chosen as ρ/α in order to decouple volume flow from the level pressure dynamics. Doing so, Eq. (32) and Eq. (33) become: Figure 4 : Schematic of the complete drive control system. Schmidt et al. (2017) .
The linear pressure dynamics may be obtained as:
From the above, the output transformation may be established as:
Virtual inputs in terms of level flow q δ and load flow q L are defined based on the level and load pressure dynamics in Eq. (36) and Eq. (37), as defined in Eq.
(39) and Eq. (40):
The choice of q δ and q L is such that the nontransformed inputs in terms of shaft velocity and proportional valve flows does not directly influence the pressure level and load pressure gradients, but are contained in q δ and q L . Control structures using these new inputs can thereby be designed independently of the value and sign of the shaft velocity and of the valve signal allocation.
The input transformation matrix W 1 is used to transform q δ and q L to the original input signals.
From Eq. (39) and Eq. (40) the inverse input transformation matrix can be obtained as Eq. (44):
The entries v 31 , v 32 , v 33 may be chosen arbitrarily. The flow q 0 is a flow constraint which is chosen based on the desired distribution of the valve signals. The simplest flow constraint is q 0 = 0, which is chosen here. In Schmidt et al. (2017) main focus is on motion performance, i.e. de-emphasising energy efficiency. The input transformation matrix was constructed such that the valve flows did not influence the load flow in Eq. (40) i.e. ideally the piston motion is only driven by ω m . This can be obtained by choosing parameters v 31 = 0, v 32 = 1, v 33 = −1/δ 0 , and q 0 according to:
The resulting input u is then given by:
The superscript x P is added to emphasise that the input transformation is derived to improve motion performance, and is referred to as the original input transformation in the remainder. In Schmidt et al. (2017) an RGA-analysis of the transformed system,G c in Eq. (29) using the transformation matrices W xP 1 and W 2 showed that an almost perfect decoupling in the frequency range below the actuator bandwidths was achieved. A decentralised control strategy of the transformed system is therefore reasonable, where the transformed inputs q L and q δ are used to control the transformed inputs x P and p δ respectively. These decentralised controllers are designed based on a generic analytical linear controller design approach, presented in Schmidt et al. (2017) , capable of calculating appropriate controller parameters regardless of SvSDP drive size. This is done by including physical parameters such as cylinder areas and pump displacements combined with desired relative stability margins in the controller design algorithm. The level pressure ref. generator seen in Fig. 4 , is used to generate a P δ reference. The reference is generated based on which chamber pressure to keep at a reasonable value p set = 20 bar and the piston position. In Schmidt et al. (2017) experimental results prove that the SvSDP drive and presented control strategy are capable of maintaining a minimum chamber pressure at ≈ p set while achieving a motion performance at least on the same level as a conventional servo-valve controlled system.
Energy Efficient Valve Utilisation
For the presented input transformation matrix, oil is simultaneously throttled through both 2/2 valves, which obviously is not the optimal valve utilisation in terms of energy efficiency. For an energy efficient valve utilisation only oil from the low pressure side should be throttled, which may be achieved by changing the input transformation. It is notable that only the input transformation needs to be changed while the output transformation, controller parameters etc. remain unchanged, as these are used for controlling transformed variables. As such the input transformation is only used to allocate physical inputs from transformed inputs. The input transformation, which only allows oil through the B-side valve can be obtained by defining v 31 = 0, v 32 = 1, v 33 = 0 in Eq. (44) and q 0 as:
The resulting input u q vB is then given by:
When only allowing oil through the A-side valve the input transformation can be obtained by defining v 31 = 0, v 32 = 0, v 33 = 1 and q 0 as:
resulting in the following input transformation:
Which input transformation Eq. (48) or Eq. (50) to be used depends on which chamber pressure to be controlled to the minimum chamber pressure, p set . This switching condition is defined from the measured load pressure P L using Eq. (51) setting P A = P B = P set
As illustrated in Fig. 5(a) , ideally P A = P set for p L < p Lsw using the input transformation in Eq. (50) and P B = P set for p L > p Lsw using the input transformation in Eq. (48). To avoid abrupt jumps in the utilised input transformation method a switching variable Z is defined as:
In Fig. 5 (b) the switching variables are seen as a function of the load pressure. The non-transformed inputs u are then defined as a weighted sum between u q vA and u q vB according to:
Eq. (54) is referred to as the energy efficient input transformation in the remainder. 
Energy Efficient Pump Sizing
Assuming that the considered knuckle boom crane should be retrofitted with SvSDP-actuated cylinder drives, it is likely that the hydraulic cylinders remain unchanged thus only replacing the conventional HPU including valves with SvSDP drives. This necessitates that the SvSDP sizing should aim at delivering approximately the same flow amount in the same pressure range as achievable with the conventional Valve Cylinder Drives (VCDs). In Schmidt et al. (2017) , external gear pumps have been used as flow suppliers in the SvSDP drive. As these generally operate in a limited pressure range, internal gear pumps are suggested for larger power applications as considered here. The pump sizes selected for the system are of crucial importance in terms of energy efficiency, as these heavily affect both electrical and hydraulic losses. Ten different pump sizes ranging from 16 cm 3 /rev to 125.2 cm 3 /rev (Rexroth, 2010) and (Rexroth, 2013) have been considered for each pump, yielding a total of 1000 different pump size combinations. In this section a selection algorithm aiming on selecting an energy efficient and feasible pump combination is proposed. For doing so, the dominant system losses must be described.
Dominating Losses
In Fig. 6 the main losses during operation are shown.
Electrical losses
Mechanical losses
Volumetric losses Throttling losses Figure 6 : Main losses during operating of the SvSDPactuated cylinder.Ė β is power due to the compressibility of the oil.
The electrical losses in the frequency converter and iron losses in the electrical motor are assumed neglectable and thus the only electrical loss included are the Ohmic losses in the electrical motor described by (Willkomm et al., 2014) :
R cu is the winding resistance, and I nom is the nominal current at the nominal motor torque, τ nom . These parameters are available from datasheets. τ shaft is calculated by:
where K AQ , K BQ and K CQ are the theoretical pump displacements [m 3 /rad]. The mechanical losses due to pump friction have been neglected as no information for the considered internal gear pumps are available. The volumetric losses in the pump are described by:
where ∆P is the pressure difference across the pump, and K l,v1 and K l,v2 are leakage parameters. From pump datasheet (Rexroth, 2013) , a flow curve for a 16 cm 3 /rev pump at 1450 RPM is available. This has been used to fit the leakage related parameters in Eq. (57), assuming leakage-free flow at ∆P =0. The coherence between the flow curve and the model is seen in Fig. 7(a) . In Fig. 7(b Throttling losses in pipes and hoses as well as over the ideally modelled check valves are neglected. Therefore the throttling losses only involve the oil through the 2/2 proportional valves, described by:
Pump Selection Algorithm
The Valve Cylinder Drives (VCD) used as a benchmark (see Section 4) for the proposed SvSDP, produces maximum flows of 160 L/min to each cylinder. Due to load sensing it is assumed that this can be done independently of the cylinder load pressure. This translates to piston velocities ranging from -88 mm/s to 43 mm/s for cylinder 1 and from -113mm/s to 54 mm/s for cylinder 2.
A fundamental difference between a (symmetrical)-valve controlled asymmetric cylinder system and the proposed SvSDP system, is that for the SvSDP the pump flows are matched to the cylinder area ratio causing the achievable velocities to be somewhat symmetrically distributed around 0 mm/s, if utilising the 2/2 valve on the A-side only.
However for energy-efficient valve utilisation it is desired to throttle from the low pressure chamber, which may be any chamber, affecting the achievable piston velocities. E.g. if always throttling from the B-side, the steady state forward velocity is determined by the combined flow of pump C and A, whereas the retracting velocity is determined by the flow of pump A only as the C-pump is idling. This causes the maximum velocities to be asymmetrical around 0 mm/s. For the given example the forward velocity is larger than the retracting velocity, exactly opposite of a VCD.
These considerations show that a SvSDP drive sized to achieve VCD comparable retracting velocities, may be heavily oversized in the forward direction, due to idling of the C pump. The flow requirements (FR) are therefore relaxed in the retracting direction and formulated as:
where Q A , Q B , Q C are pump flows evaluated at maximum allowed pressure and maximum positive/negative pump speed for FR ωm≥0 and FR ωm<0 respectively. For a combination of pumps to be feasible FR ωm≥0 = 1 and FR ωm<0 = 1 is required along with a matchratio (χ) larger than 1 evaluated at ±500 RPM and 225 bar. For χ > 1 a surplus of flow into the cylinder is present. χ is defined as:
Evaluating Eq. (59), (60) and Eq. (61) gives a number of feasible designs. Assuming oil always to be throttled from the low pressure side and by neglecting pump leakage the static mismatch flow for each feasible combination can be calculated and throttling losses evaluated using Eq. (58), as a function of shaft speed and p set . Assuming a constant minimum chamber pressure, the shaft torque may be calculated and the Ohmic losses may be evaluated using Eq. (55) as a function of load pressure. By sweeping over the entire pump velocity and load pressure range, the pump combination with the smallest average loss is chosen. The pump selection algorithm is summarised in Fig. 8 . As the two cylinders have almost equivalent area ratios and the same flow requirement is imposed the selected pump combination is the same for SvSDP 1 and SvSDP 2 . Pump A is selected as having a displacement of 50.7 cm 3 /rev and Pump B and C are both having a displacement of 32.7 cm 3 /rev. The resulting match ratio χ for SvSDP 1 is seen in Fig 9(a) . The obtained operating ranges, assuming that a suitable electrical motor which does not saturate at corner power requirements, is seen in Fig. 9(b) and (c). The operating ranges are evaluated by assuming that the control structure can maintain a minimum chamber pressure of 20 bar during motion, and using a maximum operating pressure of 315 bar for the internal gear pumps.
Noting that due to the crane structure chamber A will always be load carrying for SvSDP 1 while the SvSDP 2 should carry the load in both directions, this translates to load forces ranging from 10 to 305 bar (62 kN to 1.88 MN) for SvSDP 1 and -132 to 305 bar (-0.65 MN to 1.5 MN) for SvSDP 2 respectively.
Note, that in Fig. 9 operating ranges obtainable if throttling from the high pressure chamber are also depicted. Doing so, alters the achievable operating range, at the cost of larger throttling losses.
Benchmark System
As mentioned, the benchmarks for the two SvSDP drives are Valve Cylinder Drives (VCDs), conventionally used for actuation of a knuckle boom crane. The hydraulic system structure is shown in Fig. 10 , and has also been used in Donkov et al. (2018) . The motion of the cylinders is controlled by the directional proportional valves. The two directional valves are pressure compensated and produce maximum flows of 160 L/min. Furthermore, the supply pump has load sensing capabilities. The larger pressure in an inlet chamber selects the outlet pressure setting for the pump (P s = P max + 35 bar). The counterbalance valves (CBV) are used to prevent the load from overrunning.
For details on the modeling of the benchmark system, component sizes etc., see Donkov et al. (2018) .
Cylinder 2
Figure 10: Knuckle Boom Crane hydraulic circuit from Donkov et al. (2018) .
Simulation Results
To compare the performance of the SvSDP concept with the conventional system a simulation study has been conducted. A test case trajectory has been selected where a 5000 kg payload begins and ends in the same place. In tool center space this can be seen in Fig. 11 taken from Donkov et al. (2018) . The trajectory consists of starting the load at point 1, moving it to point 2 and returning it to point 1.
In actuator space the trajectory is shown in Fig. 12 . Key parameters, such as component sizes, crane dimensions and masses used for the simulation study are found in the Key Parameter List on page 88. 
Motion-and Control Stucture Performance
In Fig. 13 the performance results for the VCDs are shown. It is found that satisfactory motion tracking is achieved, as the maximum position error for cylinder 1 is 9 mm (0.4 % of full stroke) and 18 mm (0.6% of full stroke) for cylinder 2. Note, in Fig. 13 (e) the valves are almost fully open in the forward direction, meaning that the trajectory is defined close to the forward velocity limits. In Fig. 13 (f) the supply pressure (p s ) of the common pump is adjusted accordingly to the valve positions. This explains why during standstill p s oscillates, as the valve positions oscillate around the 0-position. In Fig. 14 the performance results for the SvSDP drives are shown, using the energy efficient input transformation, Eq. (54). It is seen that motion tracking is on the same level as for the VCDs. The SvSDP performs slightly better for cylinder 1 compared to the VCD system, with a maximum position error of 3 mm (0.1 % of full stroke). For cylinder 2 the maximum position error is comparable to the VCD, but during forward motion a slightly larger tracking error is present for the SvSDP. In total it is assessed that the motion performance are on the same level. sure in each cylinder close to the pressure setting at p set =20 bar. Due to the short duration of standstill at point 1 and 2 in the trajectory and the small leakage flows in the internal gear pumps, even at standstill the minimum chamber pressure is remaining close to the set pressure. In Fig. 14(e) it should be noted, that the SvSDP drives are close to the motor speed saturation limits in the retracting direction as opposed to the VCD. This is due to different obtainable operating ranges, visualised in Fig. 9 . As desired with the energy efficient input transformation, oil is only throttled from the low pressure chamber, see Fig. 14(f) and (h). For SvSDP 1 this means that only valve B is active, as chamber A is always the load carrying chamber. For SvSDP 2 it is seen that chamber B is mainly the load carrying chamber, why oil is throttled from chamber A. However between 40 to 60 seconds the load carrying chamber is interchanged. In this switching process, oil is throttled through both valve A and B as desired. Simulations have also been performed using the original input transformation (Eq.(46)) for the SvSDP drive. Motion tracking and pressure control performance are almost identical to what have been achieved using the energy efficient input transformation ( Fig. 14(a)-(d) ). The valve flows are however, fundamentally different. The valve flows using the original input transformation are seen in Fig. 15 . As desired with the original input transformation oil is throttled using both valves, why a degraded energy efficiency for the original input transformation is to be expected. Interestingly, the simulation study does not show that the motion tracking performance for the proposed energy efficient input transformation is degraded compared to the original input transformation.
Energy Comparison
Having established that the motion tracking performance is on the same level for the SvSDP and the VCD, it is interesting to compare the energy consumption of the two. Included is also a comparison of the SvSDP drives using the original input and the energy efficient input transformation. From Fig. 16 (a) and (b) it may be seen that the hydraulic output power (F hyd ·ẋ P ) is close to identical for the SvSDP drives and the VCD, which is a necessity for a fair evaluation of energy consumption. For the VCD the electrical input power cannot be separated between the two cylinders due to the common pump, as opposed to the SvSDP. Fig. 16 (c) and (d) show that the electrical input power for the SvSDP using the original input transformation is slightly higher than using the energy efficient transformation. Note, that from 10 to 40 seconds, the electrical input power is negative meaning the electrical motor effectively functions as a generator, and that a potential for energy recovery is present. As seen in Fig.  16 (e), the electrical input power is always positive for the VCD, meaning that even though hydraulic power is available for recovery, the electrical motor still needs to supply power for the system to operate. Generally, it is seen that electrical input power to the VCD is larger than for the SvSDP even though Fig.  16 (c) and (d) should be added to obtain the combined input power for operation of the knuckle boom crane. This difference is primarily due to much larger valve throttling losses, as shown in Fig. 16(f) . Note, that from 10 to 40 seconds the throttling losses for the VCD exceed the input power, because the hydraulic power is negative.
Energy Efficiency
For the SvSDP drives it is possible to define the efficiency based on transferred power individually on a drive level as:
Utilising Eq. (62) it is possible to calculate the efficiency both when electrical energy is supplied or regenerated during the trajectory for SvSDP 1 and SvSDP 2 individually.
For the VCD system the energy efficiency is only evaluated when both hydraulic power outputs are positive:
The evaluated energy efficiencies during the trajectory are visualised in Fig. 17 .
It is found that generally the energy efficiency is higher for the SvSDP drives using the energy efficient input transformation compared to the original. Also, both input transformation strategies outperform the VCD. The overall efficiency during the trajectory is The efficiency of the VCD is significantly smaller compared to the SvSDP drives. As indicated in Fig.  16 (f) increased throttling losses are the main reason.
The efficiency of the SvSDP drives using the energy efficient input transformation is larger compared to the original transformation. Also, SvSDP 1 is seen to be significantly more efficient than the SvSDP 2 , for both input transformations. The input energy distributions are visualised in the Sankey diagrams in Fig. 18 .
From Fig. 18 it is evident that the degraded energy efficiency for SvSDP 2 compared to SvSDP 1 , is due to increased relative throttling losses. This combined with a smaller amount of converted energy for SvSDP 2 explains the smaller efficiency.
Increased throttling losses, due to flow being throttled from both the high and low pressure chamber using the original input transformation, explains the smaller efficiency compared to the proposed energy efficient input transformation.
Supplied Electrical Energy
As seen from Fig. 16 the SvSDP drives are capable of recovering energy as opposed to the VCDs. It is therefore interesting to investigate how much electrical input energy is needed in order for the knuckle boom crane to perform the defined test case trajectory, when assuming ideal energy recovery and storing in the grid. Also, as the efficiencies for the VCD and the SvSDP drives are not defined equivalently, it may be more informative to evaluate and compare the needed input energy instead of efficiency. For the SvSDP system the needed input energy is the sum of the input energy to both SvSDP 1 and SvSDP 2 . The required input energy during a trajectory is shown in Fig. 19 for the VCD and the SvSDP drives using the energy efficient input transformation. Tab. 2 summarises the findings from Also, the SvSDP drives using the proposed energy efficient input transformation is consuming less input energy compared to the original input transformation. Here a reduction of 14 % is seen if energy cannot be recovered and 40 % if ideal energy recovery is assumed.
This emphasises the importance of proper control considerations. With exactly the same SvSDP system from a hardware point of view, that performs the same motion trajectory with equivalent tracking performance, the energy consumption can be drastically decreased, by proper control efforts.
Discussion
For the SvSDP drives to be valid alternatives to conventional valve controlled drives, the safety function of the counterbalance valves must be imitated. For the SvSDP drives the risk of over-running loads are reduced, as the pump leakage path is significantly more restrictive than the return path of a proportional valve. However, in emergency situations where input power is lost, a load may drop rapidly as the electrical motor is passively accelerated. For safety critical applications this cannot be tolerated. It is not feasible to utilise counterbalance valves, as these prevent the opportunity of energy recovery. Instead the safety functionality may be achieved by inserting normally closed on/off valves in the main transmission lines. When evaluating energy efficiencies for the SvSDP drive only three sources of losses have been included. It is therefore unlikely that the stated efficiencies can be achieved in a real world application. However, as only two sources of losses have been included for the Valve Cylinder Drives (VCD) it is expected that the relative difference between the SvSDP and the VCD is representative.
Conclusion
An application study, investigating the energy saving potential for knucke boom crane actuation has been conducted. Based on the Speed-variable Switched Differential Pump (SvSDP)-concept, which previously has been experimentally verified for low power applications, a system has been designed based on available pump sizes. The control system for the over-actuated SvSDP drive has been modified compared to previous studies, aiming on improving the energy efficiency of the SvSDP drive.
A test case knuckle boom crane trajectory has been defined to evaluate the performance of the SvSDP drives. Simulation results show that motion tracking performance is on a similar level compared to a Valve Cylinder Drive (VCD), while the energy consumption has drastically decreased. This is mainly due to decreased throttling losses, and the opportunity to recover energy in motoring quadrants for the SvSDP. For the given trajectory the VCD consumes 0.79 kWh of electrical energy, while the SvSDP drives consume 62 % less energy (0.30 kWh) if energy cannot be recovered and 0.06 kWh (92.4 % decrease) if ideal energy recovery and storage are assumed.
This result suggests that a potential for significant energy savings exists if using the proposed novel pump controlled cylinder drive for knuckle boom crane actuation. Cylinder Mass, Fig. 3 
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